Abstract: High temperature corrosion of the water wall tube in a 50 MW thermal power plant was investigated which caused several boiler accidents. X-ray diffraction (XRD) and scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS) were used to observe the cross-sectional morphology of the tube and analyze the oxide scales. Results show that the boiler water and the coal quality did not meet the requirements. High temperature corrosion of water wall tubes was attributed to the using of coal which had a higher ash content and lower received lower heating value. Higher dissolved oxygen and incrustation in the boiler water caused serious corrosion at the inner surface of water wall tube, which led to the possibility of decarburization and degradation of the steel. Suitable coal blending and stability of the thermal load were the effective means to prevent the high temperature corrosion of the tube.
Introduction
Boiler accidents occurred frequently in recent years, which were caused by the failure of water wall tubes in thermal power plants, leading to great economic loss [1] [2] [3] . Investigations indicated that the failure of the water wall tubes in thermal power plants were mainly attributed to high temperature oxidation, corrosion and erosion [4] [5] [6] .
Several explosion accidents of the water wall tubes were investigated in a 50 MW thermal power plant. Surveys found that partial corrosion on the steam-side was observed in the high temperature zone which was located on fire-facing side of the water wall. The aim of this article is to assess the corrosion cause by the observation and micro-analysis of the corrosion area. Moreover, we examined the water quality, coal quality and operation management to ensure the long-term safe operation of thermal power plants.
Experimental materials and methods
The temperature and pressure of the steam in high temperature superheaters of this 50 MW thermal power plant were 540 ℃ and 9.8MPa, respectively. The maximum evaporation of the boiler was 540t/h. The water wall was constructed with finned tubes (ø50 × 4 mm). The construction material of the water wall in the investigated boiler was 20 G steel. The compositions of the normal and corrosion zone of 20 G steel were identified by a direct reading spectrometer (ARC-MET8000, Oxford, Finland.), which are listed in Table 1 
Experimental results
Macroscopic morphology Figure 1 shows the macroscopic corrosion morphology of the water wall tube located on the fire-facing side. Figure 1(a) shows the outer surface of the tube cut from the water wall which was intact. However, partial corrosion pits were found at the inner surface of the fire-facing water wall tubes. The size of the biggest pit was 48 mm × 30 mm, as shown in Figure 1 (b).The minimum thickness of the corroded tube was only 1.7 mm. The corrosion morphology indicated that the tubes were corroded seriously, which was caused by high temperature.
Microstructure Figure 2 displays the microstructure of the corroded section in a water wall tubes located at the fire-facing side. The microstructure of 20 G steel was composed of ferrite and pearlite. Grains were tiny and homogeneous. The pearlite, which was not spheroidized, was found to be aggregation morphology, as shown in Figure 2 (a). What is more, the oxidation of water wall tubes was observed at the inner surface. The oxide scale was characterized by energy dispersive spectroscopy, which was found to be iron oxides, as shown in Figure 2 (c). Numerous microcracks were observed in the 20 G substrate, as shown in Figure 2(b) . The formation of micro-cracks is possibly attributed to hydrogen generated from steam oxidation and a hydrogen evolution reaction. The hydrogen reacted with the carbon or Fe 3 C in steel, leading to the decarburization of steel and generation of gas products.
XRD analysis was conducted to identify the oxidation products. The result shows that the corrosion products were mainly composed of Fe 3 O 4 and Fe 2 O 3 , as shown in Figure 3 . Moreover，90.4 % of the products were Fe 3 O 4 , indicating oxidation of steel occurred at the inner surface of the water wall tube. In the following section, we will discuss the source of the oxygen which was provided for the oxidation of steel.
From the XRD result, it was found that oxygen corrosion was observed at the inner water wall tube. So the water quality of this boiler was investigated. Two water quality analyses of the boiler feedwater and boiler water are listed in Tables 2 and 3 . Most of the category met the standard of boiler feedwater and boiler water. The most important factor was that the dissolved oxygen of the boiler feedwater was unqualified, which provided the oxygen for oxidation of steel in the water wall. The extra oxygen dissolved in the boiler water promoted the oxidation of steels.
Analysis of design coal, check coal and process coal quality are listed in Table 4 . It is obvious that the ash content of the process coal was much higher than that of design coal. The lower heating value of the process coal was lower than that of design coal. The different ash content and lower heating value gave rise to the coal usage. To receive the equivalent heating, more process coal would be burnt, which provided the possibility of high temperature corrosion in water wall tube.
Discussion External combustion atmosphere
The external combustion atmosphere had a great influence on the corrosion behavior of the water wall tube [7, 8 9] . In this study, the steam quality of the boiler cannot reach the requirement because of the higher ash content and lower received lower heating value of the process coal. The effective way to meet the steam parameter requirement for boiler thermal load is to increase the input of process coal. As a result, the furnace temperature and ash deposition at the heating surface of the water wall tube increased, leading to the deposition of low melting ash at the heat surface, especially at the tube straps. This phenomenon became more serious during winter due to the necessity of heating in North China. Because the heat transfer coefficient of the deposit was less, the thermal stress at the tube straps greatly increased, resulting in the exfoliation or deformation of tube straps, as shown in Figure 1(a) . Therefore, the process coal was one of the reasons for high temperature corrosion at water wall tubes. 
Corrosion mechanism
Incrustation was observed at some positions in the water wall tubes. Due to the higher dissolved oxygen in the boiler water, oxygen content at the incrustation position increased. When the thermal load of this boiler increased, the partial temperature of the furnace increased dramatically, leading to the overheating of the water wall tubes. Coupling with higher oxygen at the incrustation positions, this position was prone to the occurrence of electrochemical corrosion, which developed corrosion pits in the tube. The reaction is given in the following equations:
With the reduction of the thickness of water wall tube and higher input of process coal, the temperature of the water wall tube increased gradually. The reaction between the steel and steam was accelerated in eq. (3), which formed Fe 3 O 4 and Fe 2 O 3 and generated hydrogen, the evidence of which is shown in Figure 2 .
Growth of Fe 3 O 4 scale increased when the dissolved oxygen in the boiler water was high. The higher temperature of the water wall tube, which was caused by the increased input of process coal, accelerated the oxidation of the steel. Simultaneously the Fe 3 O 4 scale generated thermal stresses when the thermal load of this boiler varied. The thermal stresses and different thermal coefficients of expansion between the oxide scale and substrate were responsible for the spallation of the oxide scale and incrustation [10, 11 12] . The spallation scale was taken by the circulation water, leaving the corrosion pits, as shown in Figure 1(b) . Hydrogen produced in eq. (3) diffused into the steel, which reacted with carbon or Fe 3 C and formed CH 4 . The reaction equations are listed in the following:
The diffusion ability of CH 4 in steel was very low and thereby CH 4 gathered at the grain boundaries. The gathered CH 4 triggered the generation of micro-cracks as in Figure 2 (b). This agrees with the lower carbon content in the corrosion zone in Table 1 . Decarburization of steel reduces the steel's strength, which increases the possibility of accidents. The reaction of hydrogen dissolving into metal is endothermic. Higher temperature causes a higher hydrogen solubility in metals. However, when metal suddenly cool, the hydrogen would release immediately, causing brittle rupture of steels. The phenomenon of brittle rupture was observed at the corrosion morphology of the water wall tube in Figure 1(b) . Inhomogeneous boiler fuel and varied thermal loads caused the periodic evaporation and cooling of the steam-water mixture in a water wall tube. Periodic evaporation and cool of the steam-water mixture led to the high cycle fatigue of steels and oxide scale. At last, the corrosion products crazed and spalled, causing more serious corrosion.
Prevention and control measures 
Conclusions
(1) High temperature corrosion of water wall tubes was attributed to the process coal which had a higher ash content and lower received lower heating value. (2) Higher dissolved oxygen and incrustation in the boiler water caused serious corrosion at the inner surface of the water wall tube. The oxygen reacted with steel and generated hydrogen, which may lead to the decarburization and degradation of the steel. (3) Suitable coal blending and stability of the thermal load are effective ways to avoid the high temperature corrosion of water wall tubes.
